Quantum interference with distinguishable photons through
  indistinguishable pathways by Kim, Yoon-Ho & Grice, Warren P.
ar
X
iv
:q
ua
nt
-p
h/
03
04
08
6v
2 
 2
0 
N
ov
 2
00
3
Quantum interference with distinguishable photons through indistinguishable
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We report a two-photon quantum interference experiment in which the detected individual pho-
tons have very different properties. The interference is observed even when no effort is made to
mask the distinguishing features before the photons are detected. The results can only be explained
in terms of indistinguishable two-photon amplitudes.
PACS numbers: 03.65.Bz, 42.50.Dv
I. INTRODUCTION
Quantum mechanical interference is observed when an
event can occur by any of several alternate pathways.
If an experiment is performed in which it is possible to
determine which of the alternate pathways was actually
taken, then the interference is lost [1, 2]. For two-photon
interference, the existence of indistinguishable alternate
pathways for a pair detection events leads to the inter-
ference. One of the best-known examples is the Hong-
Ou-Mandel interferometer, in which two identical pho-
tons meet at a 50/50 beamsplitter and two single-photon
detectors monitor the rate at which both detectors regis-
ter photons (coincidence count) [3]. A coincidence count
may be recorded either when both photons are reflected
(r-r) or when both are transmitted (t-t). If the pho-
tons reach the beamsplitter simultaneously, then these
two pathways are indistinguishable and interference is
observed in the form of a photon bunching effect: the
photons exit the beamsplitter together, resulting in a null
in the coincidence rate [4].
Although the photons reaching the beamsplitter in this
example are identical, it is possible to observe interfer-
ence even if the photons are distinguishable when they
reach the beamsplitter. The key is to detect the pho-
tons in such a way that the distinguishable information
is masked [5]. If, for example, the input photons are or-
thogonally polarized, no interference is expected, since
the polarizations of the detected photons would make it
possible to distinguish the r-r and t-t pathways. The
interference is restored, however, simply by passing the
photons through polarizers prior to detection. With their
pass axes oriented halfway between the polarizations of
the two input photons, the polarizers mask the polar-
ization information [6, 7, 8]. The same principles may
be applied to distinguishing timing information. If the
photons in one input port arrive earlier than their coun-
terparts, then the r-r and t-t pathways are distinguish-
able by the photon arrival times and no interference is
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observed. Again, the interference may be restored by
masking the distinguishing timing information [9]. This
may be accomplished, for example, by introducing alter-
nate pathways into one of the exit ports [8, 10]. The
photon can reach the detector by one of two paths, lead-
ing to two different arrival times. If the delays are chosen
properly, it is impossible to determine whether the pho-
ton left the beamsplitter first and took the longer path
to the detector, or whether it left later and reached the
detector via the shorter path. It is also possible mask the
distinguishing timing information by using narrow-band
spectral filters which increase inherent uncertainties as-
sociated with the differences in the photon pair arrival
times at the beamsplitter [11, 12].
These examples illustrate the role of indistinguishabil-
ity in quantum interference. If the photons are not indis-
tinguishable in all respects when they reach the beam-
splitter, then elements must be introduced to mask the
distinguishing information, in effect rendering the distin-
guishable photons indistinguishable. Here, we report an
interference experiment in which the detected photons
retain their distinguishing information. The photons ap-
proach the beamsplitter at different times, with different
polarizations, and may even have different wavelengths.
They propagate directly to the detectors without pass-
ing through compensating/masking elements and retain
their distinguishing properties until being absorbed by
the detectors. Nonetheless, interference is observed in
the coincidence rate. We explain this counterintuitive
result as the interference between two-photon wavepack-
ets.
II. EXPERIMENT
An outline of the experimental setup is shown in Fig. 1.
A 3 mm thick type-II BBO crystal is pumped by a train
of ultrafast pulses with central wavelength of 390 nm and
pulse duration of approximately 120 fsec. The crystal is
oriented so that a small fraction of the pump photons are
down-converted, via the process of spontaneous paramet-
ric down-conversion (SPDC), to orthogonally polarized
signal and idler photons with center wavelengths of 780
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FIG. 1: Outline of Experimental setup. Orthogonally polar-
ized photon pairs are generated from the BBO crystal via the
process of type-II spontaneous parametric down-conversion.
Polarization analyzers A3 and A4 are removable.
nm. The down-converted photons are emitted into two
distinct cones, one with extraordinary polarization (V-
polarized) and the other with ordinary polarization (H-
polarized). Here, we are interested in the intersections of
the two light cones, where the polarizations of the sin-
gle photons cannot be defined [13, 14, 15]. These two
directions, defined by a set of apertures, make an angle
of ± 3 degrees with respect to the pump propagation di-
rection, see inset of Fig. 1. These two spatial modes are
directed by mirrors to the two input ports of an ordinary
non-polarizing beamsplitter. The output ports are mon-
itored by single-photon counting detectors, D3 and D4.
Broadband (20 nm at FWHM) spectral filters, F3 and
F4, preceding the detectors help to reduce background
noise. Polarization analyzers A3 and A4 are removable
so that the interference effect can be studied both with
and without the polarizers in place.
A set of quartz rods and quartz plates are inserted
in each arm of the interferometer: QR1 and QR2 are 20
mm long quartz rods and QP1 and QP2 are 600 µm thick
quartz plates. With their optic axes oriented vertically,
these birefringent elements introduce a group delay of
roughly 668 fsec between the V- and H-polarized photons
in addition to the delay accumulated in the SPDC crys-
tal. By tilting the quartz plates QP2 about their optic
axes, it is possible to introduce an additional fine delay
between the orthogonally polarized photons. The delay
between the two arms of the interferometer is controlled
by a trombone prism attached to a computer-controlled
DC motor. The count rates of the two detectors, as well
as the rate of coincidences, were recorded as a function
of the delay between the two arms of the interferometer.
The effective coincidence window used in this experiment
was about 3 nsec, which is smaller than the pump pulse
repetition period (≈ 13 nsec).
Quantum interference is observed as the delay between
the two arms is adjusted. This can be seen as the peak
and dip shown in Fig. 2. The two different data sets
correspond to two different phase settings, i.e., two dif-
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FIG. 2: Experimental data showing two-photon quantum in-
terference. Polarization analyzers were not used for this mea-
surement. The peak-dip visibility is about 93%.
ferent orientations of the quartz plates QP2. Tilting the
quartz plates introduces a sub-wavelength delay between
the orthogonally polarized modes in the lower arm. The
peak-dip phase is associated with this additional birefrin-
gent delay. Tilting the quartz plates increases not only
the relative delay, but also the total path length for the
two different polarizations. This is reflected as an offset
between the peak and dip.
We note here that the photon pairs approach the beam-
splitter with very different properties: they are orthogo-
nally polarized and approach at different times (one pho-
ton always reaches the beamsplitter 668 fsec earlier than
the other). This time delay is larger than both the 120
fsec pump pulse duration and the 100 fsec single-photon
wave-packet defined by the 20 nm (at FWHM) filter. It
is somewhat surprising, then, that high visibility inter-
ference is observed even though the photons’ properties
are not altered before the detection process, i.e., no ele-
ments are introduced after the beamsplitter to mask the
distinguishing information. (For instance, 45◦ oriented
polarizers and a group delay scheme could be used to
‘erase’ the polarization and temporal distinguishing in-
formation, respectively.)
To emphasize the fact that the quantum interference is
indeed achieved with distinguishable photons, the exper-
iment was repeated with polarizers A3 and A4 placed in
front of the detectors. One of the polarizers was aligned
to pass horizontally polarized light (A3 = 90◦), while the
other was aligned to pass vertically polarized light (A4
= 0◦). The only photons that may be detected in such a
set-up are emitted and detected with orthogonal polar-
izations and are orthogonally polarized at every point in
the interferometer. Nevertheless, high visibility quantum
interference is observed, as shown in Fig. 3. Although the
overall count rate is lowered, the peak and dip features
are still evident with no change in the visibility.
In fact, the peak-dip quantum interference is com-
pletely independent of the polarizer angles. With QP2
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FIG. 3: Experimental data with polarizers oriented at A3
= 90◦ and A4 = 0◦. The visibility of quantum interference
remains the same but the overall count rate has been reduced.
fixed for the coincidence peak (dip), the measurement
was repeated for polarizer angles A3 = 45◦ and A4
= −45◦ (orthogonal polarizers) and A3 = 45◦ and A4
= 45◦ (parallel polarizers). These polarizer settings will
typically change the coincidence peak (dip) into a coin-
cidence dip (peak) [6, 7, 8]. In this experiment, however,
the peak structure remained, with no change in the visi-
bility: only the overall count rates are reduced. Figure 4
shows the data for this set of measurements.
III. THEORY
The experimental results make it clear that it is possi-
ble to observe high-visibility quantum interference, even
when the detected photons have very different proper-
ties. The interference effect can be understood more
clearly through a calculation of the coincidence rate at
the two detectors. As described above, the photons leave
the SPDC crystal in the paths corresponding to the over-
lap of the o- and e-polarized cones. The two-photon state
may be written in this case as
|Ψ〉 = 1√
2
{|ψHV 〉+ eiφ|ψVH〉} (1)
where |ψHV 〉 and |ψV H〉 represent the two ways in which
a photon pair may be emitted into these directions and
where φ represents the phase between the two terms. Be-
cause the crystal is aligned for type-II SPDC and because
it is pumped by a train of short pulses, a multi-mode
treatment is required in order to reveal the subtle spec-
tral and temporal characteristics of the two-photon state.
Although the state may be described in either the spec-
tral or temporal domain, the analysis in this case is some-
what simpler in the temporal domain. Accordingly, the
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FIG. 4: Experimental data with (a) polarizers A3 = 45◦ and
A4 = 45◦, (b) polarizers A3 = 45◦ and A4 = −45◦. The
overall count rate has been reduced but the visibility remains
the same.
states |ψHV 〉 and |ψV H〉 are
|ψHV 〉 =
∫∫
dto dte GHV (to, te)aˆ†H1(to)aˆ†V 2(te)|0〉,
|ψV H〉 =
∫∫
dto dte GV H(to, te)aˆ†V 1(te)aˆ†H2(to)|0〉,
where the two photon amplitude is given by
GHV (to, te) = GV H(to, te)
= Ne−iω¯(to+te)ξ(to, te)Π [te − to; 0, L(k′o − k′e)] .
Here, N is a normalization constant, ω¯ is the mean pho-
ton frequency, L is the crystal length, and the function
Π [t; t1, t2] is given by
Π[t; t1, t2] =
{
1 for t1 < t < t2
0 otherwise.
(2)
The function ξ (to, te) is related to the pump field and
the birefringent properties of the crystal. For a pump
field proportional to exp{−[(ω − 2ω¯)/σ]2}, ξ (to, te) is
ξ(to, te) = exp
{
−σ
2
4
[(
k′p − k′e
k′o − k′e
)
to −
(
k′p − k′o
k′o − k′e
)
te
]2}
where k′p =
dkp
dω
∣∣∣
2ω¯
and k′
o(e) =
dko(e)
dω
∣∣∣
ω¯
are the inverse
group velocities of the pump (p), o-polarized (o), and
e-polarized (e) photons, respectively.
4Expressed in this way, it is easy to see that the two-
photon probability amplitude describes a pair of pho-
tons whose emission times are determined primarily by
the temporal shape of the pump pulse, modified some-
what by the group velocity differences inside the crystal.
The rectangle function Π [t; t1, t2] sets upper and lower
bounds for the difference in emission times and reflects
the fact that the o- and e-polarized photons will separate
temporally as they propagate through the crystal. With
a lower bound of zero (for a pair created at the exit face)
and an upper bound of L (k′o − k′e) (for a pair created
at the entrance face), it is evident that these expressions
describe the two-photon states as they exit the crystal,
i.e., before the photons pass through any birefringent el-
ements.
After exiting the crystal, the photons propagate along
paths 1 and 2, experiencing nearly identical birefringent
delays (due to the quartz rods and quartz plates). They
are then brought together at a beamsplitter, though the
path lengths may be slightly different. To within a con-
stant overall phase, the two-photon state at the input of
the beamsplitter is simply the state given in Eq. (1) with
the temporal arguments shifted as follows:
GHV (to, te)→ GHV (to, te − τ2 − τ)
GV H(to, te)→ GV H(to − τ, te − τ1)
Here, cτ is the difference in free-space path lengths be-
tween the upper and lower paths. The delays τ1 and
τ2 represent the delays of the e-polarized photons with
respect to the o-polarized photons in paths 1 and 2, re-
spectively.
With no polarizers in place, the coincidence rate at
detectors D3 and D4 is given by
R =
∫∫
dt dt′ {PHV (t, t′) + PV H(t, t′)}, (3)
where PHV (t, t
′) [PV H (t, t
′)] is the probability that a
horizontally [vertically] polarized photon is detected at
D3 at time t and that a vertically [horizontally] polar-
ized photon is detected at D4 at time t′. The expres-
sion should in general also include the terms PHH (t, t
′)
and PV V (t, t
′), but since the photons emitted in type-II
SPDC are orthogonally polarized, these are zero for the
experiment described here.
The two-time detection probabilities are given by
Pij(t, t
′) = |aˆi3(t)aˆj4(t′)|Ψ〉|2 ,
where i and j are the polarization labels which can be H
or V depending on the polarization state of the photon in
a given spatial mode. To within a constant phase factor,
the annihilation operators at the detectors are related to
the input operators by
aˆi3(t) =
1√
2
[aˆi2(t) + iaˆi1(t)],
aˆi4(t) =
1√
2
[aˆi1(t) + iaˆi2(t)].
Using the expressions given above, the coincidence
count rate R given in eq. (3) is found to be
R = R0
{
1− cos[φ− ω¯(τ2 − τ1)]
(
1− |2τ + τ2 − τ1|
L(k′o − k′e)
)
× exp
[
−σ
2
8
[(
2k′p − k′o − k′e
k′o − k′e
)
τ +
(
k′p − k′o
k′o − k′e
)
(τ2 − τ1)
]2]
Π[2τ + τ2 − τ1;−L(k′o − k′e), L(k′o − k′e)]
}
, (4)
where R0 is a constant. While this expression is a bit
cumbersome, it simplifies greatly for τ = 0 (equal path
lengths) and τ1 − τ2 ≈ 0 (nearly identical birefringent
delays), in which case the expression becomes
R ≈ R0{1− cos[φ− ω¯(τ2 − τ1)]}. (5)
In this form, it is clear that the coincidence count rate
can be made to vanish for the appropriate birefringent
delays and, likewise, that it can be raised to twice the
background rate with a small phase shift. [Recall that
φ is the unknown fixed phase term from eq. (1).] It is
these two settings that were used to generate the data
shown in Figs. 2 ∼ 4. As described above, the phase
shift in τ1− τ2 was introduced in our experiment by tilt-
ing QP2. This type of adjustment introduces slightly
different path length increases for the two polarizations,
but also increases the overall length of the lower arm (of
the interferometer) so that the trombone prism must be
adjusted to compensate. This is the origin of the offset
between the coincidence peak and the coincidence dip
observed in the figures.
IV. DISCUSSIONS
A couple of results from the above analysis invite fur-
ther comment. First, the interference features are in-
dependent of the presence of polarizers or, if polarizers
are in place, of their orientations. This is in contrast to
previous experiments, where the relative orientations of
5the polarizers determine the phase between the interfer-
ing terms and whether the interference is constructive or
destructive. The inclusion of polarizers in the above anal-
ysis changes the overall rate of coincidence detection, but
the peak/dip features persist. Thus, photon polarization
has absolutely no bearing on the interference effect and
there is no need to mask differences between the photons
polarizations.
Another result worth noting is that the photons may
reach the beamsplitter at very different times [9]. Recall
that the photons are emitted with orthogonal polariza-
tions and, therefore, travel at different speeds through
the birefringent elements. By adjusting the birefringent
delays, it is possible to change the arrival times for the or-
thogonally polarized photons. For maximum visibility, τ1
and τ2 must be nearly identical, but the constraint is on
their difference, not on the individual delays. Thus, in-
terference can be observed for arbitrary amounts of bire-
fringent delay, as long as the delays in the two arms are
nearly identical. These results stand in contrast to previ-
ous works involving similar configurations where interfer-
ence could be observed only if there were no distinguish-
ing timing or polarization information, or if such infor-
mation were erased before detection [6, 7, 8, 10, 12, 14].
Here, such information seems not to matter.
The difference between those experiments and the one
reported here is the input state. Whereas the previous
experiments involved single two-photon states, the in-
put state for our experiment is the superposition state
of Eq. (1). This seemingly subtle change to the input
state is critical to the observed interference effect, for
this superposition now provides two pathways for a given
detection outcome. Suppose, for example, that detector
D3 registers a horizontally polarized photon, while D4
registers a vertically polarized photon. There are two
ways that this may happen: the photons may be emit-
ted as |H〉1|V 〉2 and be reflected at the beamsplitter; or
they may be emitted as |V 〉1|H〉2 and be transmitted. As
long as the interferometer is properly adjusted, these two
pathways will be indistinguishable, even though the pho-
tons themselves may have very different properties (see
Ψ1 and Ψ4 in Fig. 5).
The relationships between the various detection path-
ways are shown in the two-photon Feynman diagrams of
Fig. 5. The four diagrams leading to coincident detec-
tion correspond to two possible outcomes (both photons
reflected, r-r, or transmitted, t-t, at the beamsplitter)
for each of the two possible emission states (|H〉1|V 〉2 or
|V 〉1|H〉2). The four cases are pairwise indistinguishable:
Ψ1 and Ψ4 correspond to H at D3 and V at D4, while Ψ2
and Ψ3 correspond to V at D3 and H at D4. Note, also,
that the horizontally polarized photon is always detected
first, a consequence of the birefringent delays. As long as
the delays are identical, the amplitudes remain pairwise
indistinguishable.
Returning to the comparison with previous two-photon
interference experiments, it is clear that indistinguisha-
bility still plays an important role, even when the pho-
H
V
H
HH
V
V V
Ψ
1
Ψ
2
Ψ
3
Ψ
4
FIG. 5: Quantum mechanical two-photon Feynman alterna-
tives. Ψ1 andΨ4 are indistinguishable and Ψ2 andΨ3 are in-
distinguishable. As a result, quantum interference occur pair-
wise and interference peak-dip can be observed without need-
ing to “erase” the actively distinguishing information. Verti-
cal gray bar represents the beamsplitter.
tons, themselves are distinguishable. While the detected
photons may be different, it is critical that the r-r and t-t
pathways be indistinguishable. Typically, this condition
could be satisfied only if the photons were identical as
they entered the beamsplitter or if they were detected in
such a way that they appeared to be identical. Here, the
indistinguishability is found in the ambiguity of the input
to the beamsplitter. For example, a photon with a partic-
ular set of properties may be detected at a given detector,
with a second photon having a distinct set of properties
at the other detector. The r-r and t-t pathways remain
indistinguishable, however, because there are two ways
that these two photons may be emitted into the set-up.
It is the superposition of the two two-photon states
before they reach the beamsplitter, therefore, that is es-
sential to the interference effect. Indeed, this type of
arrangement was originally proposed by Braunstein and
Mann as a means of distinguishing one of the four polar-
ization Bell states [16, 17]. It is interesting to note that
the interference effect persists even when |Ψ〉 exhibits
little or no polarization entanglement. It is well doc-
umented that a pure polarization-entangled state may
be generated only when the two photons in a particu-
lar path are distinguishable only by their polarizations.
Differences in spectral properties and/or time of arrival
tend to blur the entanglement [14, 15, 18]. In this ex-
periment, however, the interference effect is observed
even when the photons may be distinguished by their
arrival times. Since the photon pairs are generated in an
ultrafast-pulse-pumped type-II crystal, they also posses
6distinguishing spectral information [14, 15, 18, 19]. Even
so, the visibility is much higher, 100% in principle, than
would be expected if this spectral information were to
play a role. This suggests that it is not even necessary
that the photons have the same center wavelengths.
In conclusion, we have demonstrated a two-photon
quantum interference effect in which the detected individ-
ual photons have very different properties. Unlike other
interference experiments, in which the photons them-
selves must be indistinguishable upon detection, the in-
dividual photons here have different polarization states,
different arrival times, and different spectra. Indistin-
guishability still plays a critical role for quantum inter-
ference to occur, however, and comes in the form of the
input state: for each detection event, there are essentially
two possible sources (or quantummechanical amplitudes)
for the photon pair.
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